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In this letter we report on an experimental study of high harmonic radiation generated in 
nanometer-scale foil targets irradiated under normal incidence. The experiments constitute the first 
unambiguous observation of odd- numbered relativistic harmonics generated by the v x B component 
of the Lorentz force verifying a long predicted property of solid target harmonics. Simultaneously 
the observed harmonic spectra allow in-situ extraction of the target density in an experimental sce- 
nario which is of utmost interest for applications such as ion acceleration by the radiation pressure 
of an ultraintense laser. 

PACS numbers: 42.65.Ky, 52.38.Ph, 52.50.Jm, 52.65.Rr 



The interaction of ultra-intense laser pulses with 
nanometer-scale solid density foil targets has raised a lot 
of interest as it promises the generation of monoenergetic 
ion and electron bunches via novel, more efficient acceler- 
ation mechanisms such as Radiation Pressure Accelera- 
tion (RPA) PUS] . The key to efficient RPA is to suppress 
heating of the target electrons and careful control of 
the target surface areal density [1] . To obtain information 
on these quantities, a diagnostic capable of probing the 
dynamics of the entire laser generated plasma during the 
acceleration process is necessary. We show that Surface 
High Harmonic Generation (SHHG) in the transmission 
of nm-scale foil targets irradiated under normal incidence 
allow detailed studies of crucial interaction parameters 
such as the target deformation and plasma density when 
the peak of the driving pulse interacts with the target, 
i.e. while the particle acceleration takes place, without 
requiring an additional probe beam. Moreover our re- 
sults advance the understanding of the harmonic gen- 
eration process itself as previous experiments have not 
addressed normal incidence interactions in detail. 

The generation of high-harmonic radiation from solid 
density bulk [BHI3] as well as foil targets [T5HT7] has 
been studied extensively in recent years as it promises 
XUV and soft X-ray pulses of attosecond duration with 
unprecedented intensities [5] and is a powerful probe of 
the ultrafast target dynamics. Recent experiments have 
shown that the harmonics generated on solid targets are 
indeed phase-locked and emitted as a train of as-pulses 
[TO] and have demonstrated the efficient generation of 
harmonics up to the keV energy range Simulta- 



neously high harmonic generation gives detailed insight 
into the laser plasma dynamics in high-intensity laser 
solid interactions allowing the probing of, for example, 
the plasma density [T3] , magnetic fields [TS] , surface dy- 
namics [HI [Mj and electron heating [17] . 

In this letter we present measurements of the har- 
monic emission in transmission of nm-scale (sub-20 nm) 
high-density (ss 2.7 gcm~ 3 ) diamond-like carbon (DLC) 
foils irradiated with ultra-high contrast linearly polar- 
ized (LP) laser pulses at normal incidence [Fig. [TJ. We 
show that the harmonic emission, apart from being an 
interesting radiation source, is a versatile probe of the 
ultrafast target dynamics. The experiments give insight 
into the three dimensional nature of the laser-foil interac- 
tion dynamics and allow the determination of the target 
density at the instant when the peak of the driving pulse 
interacts with it. This constitutes the first measurement 
of critical plasma parameters in normal incidence inter- 
actions of relativistic laser pulses with nm-scale foil tar- 
gets relevant, for example, for ion acceleration e.g. [19] . 
Moreover the experiments confirm a central theoretical 
prediction in SHHG at normal incidence [6H8] that has 
so far lacked conclusive experimental proof. In this case 
SHHG should be dominated by the v x B component of 
the Lorentz force oscillating at twice the laser frequency. 
Unlike in the oblique incidence case this should result in 
the generation of only odd-numbered harmonics. 

Like in the interaction with bulk targets two distinct 
mechanisms capable of generating high-order harmonics 
in the transmission of nm-scale foils have been identi- 
fied [TS]. For sub- and weakly relativistic intensities 
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FIG. 1: Schematic drawing of the experimental setup. 



corresponding to a normalized vector potential ao = 
v / / L A lj /(1.37 x 10 ls Wcm- 2 ixm 2 ) below or on the order 
of unity, where I L and Al stand for the cycle-averaged 
intensity and the wavelength of the incident laser light, 
harmonics are generated via linear mode-conversion of 
plasma waves [2U] in the density gradient on the rear side 
of the foil. These plasma waves, unlike on the front side 
of the target, are excited indirectly by as-electron bursts 
propagating up the rear side density gradient. These 
bunches are accelerated in the electric field set up by 
other electron bunches generated on the front side that 
penetrate through the foil |T5l US] ■ This mechanism is 
conventionally called Coherent Wake Emission (CWE) 
[T3] . For larger intensities and especially in the relativis- 
tic limit (ao S> 1) harmonic radiation can also be emitted 
by plasma electrons close to the critical density layer co- 
herently oscillating with velocities close to the speed of 
light in the driving laser field (SHE] . In the case of very 
thin foil targets this mechanism can also generate har- 
monics emitted in the forward direction that propagate 
through the target and can be observed at the rear side 
[15L 117] . The predominant mechanism in a specific ex- 
periment can be determined by the characteristics of the 
detected harmonic spectrum. While relativistic harmon- 
ics exhibit an intensity dependent spectral cutoff, CWE 
harmonics do not. Instead, they have a distinct high 
energy cutoff determined by the maximum plasma fre- 
quency and thus peak density in the target. In this case 
the highest generated harmonic order is g co = w Pimax /o;L 
where lo l and w p , max = ^n ejma . x e 2 / e m e with n 0jmax the 
peak electron density are the laser and peak plasma fre- 
quency respectively. In addition, the generation of CWE 
harmonics requires oblique incidence as the conditions 
for mode conversion cannot be fulfilled otherwise [217] , 
In contrast relativistic harmonics can also be generated 
under normal incidence in which case the electron oscil- 
lations are driven by the v x B component of the driving 
force oscillating at twice the laser frequency resulting in 
the generation of only odd harmonics [5] . 

In the case of a mildly relativistic laser pulse inci- 
dent normally onto a thin foil the harmonic spectrum 
may show signatures of both harmonic generation mech- 
anisms, which one dominates will depend on the detailed 
dynamics of the interaction. Especially denting of the 



target in the focus will alter the interaction significantly 
as this results in effectively oblique incidence on the sides 
of the focal spot. Due to the lower intensity level in these 
regions of the focus the harmonic generation will likely be 
dominated by CWE in such regions resulting in a spec- 
trum containing all harmonics with a density dependent 
cutoff. If relativistic harmonics are also generated they 
will originate predominantly from the center of the fo- 
cus where the intensity is highest and likely display only 
odd orders owing to the true normal incidence in this re- 
gion. The relative efficiency of the two mechanisms will 
vary depending on how planar the laser target interac- 
tion is, resulting in different intensity ratios between odd 
and even harmonics. In addition target non-uniformities 
across the focal region can also influence the effective an- 
gle of incidence of the driving electric field. 

To verify this argumentation we have conducted 2D 
Particle-In-Ccll (PIC) simulations of the laser foil in- 
teraction at normal incidence using the code PICWIG 
|21j . As will be discussed later even for the ultra-clean 
laser pulses employed in this experiment the target will 
have expanded in the rising edge of the 45 fs pulse with 
ao = 3.6. Taking this into account the simulations were 
initialized using a triangular density profile with a peak 
density of no = 100n c and a linear ramp of length 25 nm 
on both the front and the rear side. Considering that 
the original target density in the experiment is approx- 
imately 480n c this corresponds to a solid density foil of 
approximately 5 nm original thickness. The laser pulse 
was Gaussian both in space and time (spot size 3 /im 
FWHM, duration duration 15 cycles FWHM in the field) 
and incident normally onto the target. The size of the 
simulation box is 6 Al in laser propagation direction and 
15 Al in polarization direction. The time step is tl/400 
and the laser propagation direction spatial step corre- 
spondingly is Al/400 where tl is the period of the driv- 
ing laser. The results of the simulation are depicted in 
Fig. [2j The denting of the foil during the interaction 
is clearly visible in Fig. [2ja) where the electron density 
near the instance when the peak of the pulse interacts 
with the target is shown. Fig. [2jb) shows the harmonic 
spectrum emitted in the forward direction as a function 
of position across the target recorded at a position just 
behind the target surface. On-axis only odd harmonics 
are generated which can only originate from relativistic 
electron oscillations as the condition for mode conversion 
necessary for CWE [20] cannot be fulfilled in this geom- 
etry while off- axis all harmonics are generated owing to 
the effectively oblique incidence of the driving pulse. To 
derive the total harmonic spectrum collected in the ex- 
periment after propagation to the detector we sum over 
the spectra emitted at the different positions in the focus. 
The resulting power spectrum is shown in Fig. [2j(c) . The 
integrated spectrum contains all harmonic orders but an 
enhancement of odd harmonics originating from the cen- 
ter of the generation region is visible constituting a clear 
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FIG. 2: Results of 2D PIC-simulations of the interaction of 
a relativistic laser pulse with a triangular shaped target with 
25 nm gradients on each side and a peak density of 100n c . 
Plots (a) show the electron density distribution at the in- 
stance when the peak of the driving pulse arrives at the ini- 
tial target position (note the different length scales used to 
emphasize the denting of the target) and (b) the time inte- 
grated harmonic spectra emitted in the forward direction as a 
function of radial position recorded at a position just behind 
the target surface. A clear difference in the emission char- 
acteristics on and off-axis is visible. Radially integrating the 
individual spectra in (b) to account for the collection of the 
signal with a mirror yields the spectrum shown in (c) exhibit- 
ing all harmonics with an enhancement of the odd orders. 

signature of relativistic harmonic generation on axis. 

The experiments presented in this letter were con- 
ducted using the 30 TW laser facility at the Max-Born- 
Institute in Berlin. The Tksapphire laser system deliv- 
ered pulses with an energy of 0.7 J and a pulse dura- 
tion of 45 fs at a central wavelength of 810 nm to the 
target. To enhance the temporal contrast of the laser 
a recollimating double plasma mirror (DPM) [52] was 
introduced into the system enhancing the temporal con- 
trast to better than 1:10 10 on the few picosecond scale. 
The beam was focused to a near diffraction-limited focal 
spot of 3.6 /xm FWHM diameter using a dielectrically 
coated f/2.5 off-axis parabola resulting in a peak focused 
intensity of lopcak = 5x 10 19 W/cm 2 corresponding to a 
normalized vector potential of ao pca k ~ 5. 

Free-standing DLC foils like the ones used in [51 [19] 
ranging from approximately 5 to 17 nm in thickness were 
irradiated under normal incidence in the focus of the driv- 
ing laser beam. The radiation emitted in the laser prop- 
agation direction was collected using a spherical mirror 
with an unprotected gold coating positioned under an 
angle of 45 degrees [see Fig. [I] . The resulting line focus 
was placed on the entrance slit of a normal incidence AC- 
TON VM-502 VUV-spectrometer equipped with a Micro- 
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FIG. 3: Normalized high harmonic spectra obtained from 
targets with two different thicknesses. 

Channel-Plate (MCP) detector and a fiber-coupled CCD- 
camera. The spectrometer allowed the detection of radia- 
tion from 140 down to 50 nm corresponding to harmonics 
7 to 16 of the fundamental laser wavelength. 

Two typical normalized harmonic spectra obtained 
from targets of different thicknesses are depicted in Fig. [3] 
The absolute peak intensity in (a) is approximately twice 
as big as in (b). Both spectra show odd and even har- 
monics with a pronounced enhancement of the odd har- 
monics of orders 7 (H7) and 9 (H9). The spectra do 
however differ significantly in the highest harmonic vis- 
ible. The spectrum from the thinner target [Fig. |3][a)] 
shows harmonics up to H9 whereas radiation with signif- 
icantly shorter wavelength up to H15 is generated from 
the thicker target [Fig.|^b)]. 

These spectral properties suggest that the harmonics 
in our experiment are indeed generated by two differ- 
ent mechanisms as predicted by simulations, one generat- 
ing predominantly odd and one producing all harmonics. 
The thickness dependent cutoff with higher harmonics 
from thicker foils in combination with the moderate in- 
tensities on the sides of the focus suggest that this part 
of the spectrum is generated by CWE [15] . This means 
that the target has to be dented significantly to facilitate 
motion of the plasma electrons in and out of the surface 
in the electric field as predicted by the simulation. The 
trend of higher harmonics from thicker targets is visible 
for all measured targets and is displayed in Fig. [4] where 
the cutoff harmonic order and corresponding peak tar- 
get density is plotted versus the original foil thickness. 
The peak density in the interaction region as inferred 
from the harmonic generation emitted during the most 
intense phase of the laser foil interaction, is found to in- 
crease linearly with initial target thickness. This suggests 
that the target plasma expands with similar velocities in 
all cases resulting in densities during the interaction that 
are significantly lower than those of the original foil. For 
all studied targets the decrease in density is consistent 
with an exponential density ramp with a scale length of 
approximately 18 nm on each side of the foil at the onset 
of the relativistic interaction. The dashed line in Fig. [4] 
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FIG. 4: Peak target density and cutoff harmonic plotted as 
a function of original target thickness. The dashed line cor- 
responds to the peak density expected for a one dimensional 
foil expansion with a scale length of 18 nm on each side. The 
spectra shown in Fig. [3ja) and (b) correspond (from left to 
right) to the second and the fifth data point respectively. 

shows the peak target densities expected in such a sce- 
nario and is in very good agreement with the measured 
data. To check these values for consistency we estimate 
the expansion of the foil after ionization and prior to the 
relativistic interaction considering a gaussian pulse shape 
on the rising edge of the 45 fs pulse. Assuming uniform 
energy deposition in the foil [53] the ion sound velocity 
rapidly increases over a time window of 70 fs to approx- 
imately c SiPca k = 5 x 10 7 cm/s corresponding to a hot 
electron temperature T e ss 5 keV at which the plasma be- 
comes non-collisional under our experimental conditions 
[24H26] . During this time the average sound velocity is 
found to be c Simcan ~ 2.2 x 10 7 cm/s which results in 
an expansion by 15.4 nm in good agreement with the 
measured data. Thus, in addition to the determination 
of the target density, the experiment gives information 
about the target heating prior to the relativistic inter- 
action and demonstrates a fundamental limitation of the 
nm-foil density at the instance of the interaction with the 
peak of the laser pulse which can be crucial when even 
thinner targets are employed. 

In conclusion we have presented the first experiment 
demonstrating the generation of high order harmonics in 
the transmission of few-nm-scale foil targets irradiated 
at normal incidence. The measurements in combination 
with two dimensional PIC-simulations demonstrate that 
the harmonics are generated via two different mecha- 
nisms in different regions of the laser focus giving detailed 
insight into the dynamics of the foil target under experi- 
mental conditions also of interest for example for particle 
acceleration experiments. While non-uniformities such 
as denting of the target leads to effectively oblique inci- 
dence of the driving field on the sides of the focus and 
the generation of all harmonics in this region, only odd 
harmonics are generated exactly on the laser axis. This 
constitutes the first unambiguous demonstration of rela- 
tivistic harmonic generation at normal incidence as pre- 



dicted in many theoretical publications. Harmonics are 
mainly generated via CWE in regions of oblique incidence 
which allows the determination of the instantaneous tar- 
get density of the foil in the relativistic interaction. The 
densities inferred from the observed harmonic spectra are 
in good agreement with the one dimensional expansion 
of the foil targets. This expansion occurs even for per- 
fect gaussian laser pulses and thus imposes a fundamen- 
tal limit on the peak density of few-nm-scale foil targets 
during the relativistic part of the laser solid interaction. 
The experiments demonstrate that, beyond the funda- 
mental study of the harmonic generation process itself, 
this method is a powerful diagnostic of the laser plasma 
interaction that can be employed in many experimental 
scenarios pertaining to efficient laser particle accelera- 
tion including RPA with circular polarization. In fact, 
the method does not even require any modifications to 
existing particle acceleration experiments except for the 
implementation of a pickoff optic as all the information 
is generated by the driving laser beam itself. 
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